We systematically analyze the stability diagrams and simulate the finite temperature current-voltage characteristics for metallic double-dot devices with cross couplings between dots and gates. The Coulomb blockade is described with respect to each device parameter. The negative differential conductance observed is essentially suppressed by increasing the temperature and/or introducing the offset charge and is very sensitive to the device parameters.
I. INTRODUCTION
Single-electron tunneling devices based on the Coulomb blockade enable the manipulation of per-electron currents. Because of high charge sensitivity, low-power dissipation, and high packing density, these structures are proposed for future generations of computational technology and are therefore being extensively investigated both experimentally and theoretically.
Recently, Junno et al. 1 have reported interesting data of differential-conductance measurements for a gold double-dot device. The gold dot is so small that the charging energy is as high as 80 meV, and the Coulomb blockade can be well recognized even at a liquid-nitrogen temperature. The honeycomb stability diagram, typical for the pump devices as designed by Pothier et al., 2 has been clearly observed at a liquid-helium temperature. The specificity of the device measured is that there exists an essential cross coupling between a dot and the gate belonging to the other dot [cf., the capacitances C 12 and C 21 in Fig. 1 ], which results in a diagonal stretching of the honeycomb cell. An asymmetry of the two junctions, coupling dots to leads, i.e., a difference between capacitances C s and C d in Fig. 1 , is also believed to make the cells skewed and to yield a distinct Coulomb staircase in the current-voltage ͑I -V͒ curves. The charging diagrams have been also measured for silicon germanium double-quantum dots 3 but with a focus on the role of electrostatic gates.
The aim of this work is (i) to describe systematically the zero-temperature stability diagrams for the device measured in Ref. 1 and (ii) to simulate the I -V characteristics in the same device, taking into account the finite temperature and the offset charge effects. The results obtained, while describing the experimental data quite well, show a rich variety of features on both the stability diagrams and the I -V curves in dependence on the device parameters. In particular, we find that a negative differential conductance (NDC) of different phases, including a second or a multiple Coulomb gap, can be manipulated at low temperatures when the coupling capacitances are set with the appropriate values.
II. STABILITY DIAGRAMS
The current diagram of the device under study can be schematically drawn as in Fig. 1 , where each of the three junctions (between the source and the dot D 1 , between the drain and the dot D 2 , or between the two dots) is represented by a resistor (R s , R d , or R m ) and a capacitor (C s , C d , or C m ) connected in parallel. Within the framework of the Orthodox theory, 4 the stability diagram of a double-dot system without cross couplings (i.e., C 12 = C 21 = 0 in Fig. 1 ) is well understood (see, for example, van der Wiel et al., 5 and Ferry and Goodnick 6 ). For the device with cross couplings measured in Ref. 1, the charging diagrams can be constructed in the same way as Ref. 5 , considering the linear-transport regime, i.e., the case when the external voltage is applied to the device
Assuming that V d is grounded and V s Ϸ 0, the total electrostatic energy of the double-dot structure can be written in the form
Here, e is the elementary charge, n 1 ͑n 2 ͒ is the number of a) 
with C 1 = C s + C 11 + C 21 + C m and C 2 = C d + C 12 + C 22 + C m , and E 0 is the coupling energy, counted as the change of the potential on one dot when an electron is added to the other dot:
The stability diagrams can be directly constructed by minimizing the energy [Eq. (1)] with respect to the numbers of the excess electrons n 1 and n 2 . Taking into account the cross couplings C 12 and C 21 , the dimensions of a charging diagram cell can be derived in the same way as discussed in Ref. 5
The meaning of the symbols in these expressions is given in cross couplings, these sizes
, mutually depending on all coupling capacitances in the structure. Figure 4 is also aimed to demonstrate how the cross coupling affects the dimensions of a cell for a symmetrical device ͑C s = C d =10 aF͒ with a moderate interdot coupling ͑C m =8 aF͒. A direct comparison of the two diagrams in Figs. 4(a) and 4(b) shows that for the device concerned, an inclusion of cross couplings [ Fig. 4(b) ] yields a reduction in all the cell dimensions by about 15%.
Note that Fig. 2 increases with increasing C m , whereas ⌬V g1,2 m decreases. Quantitatively, all the effects mentioned can be easily evaluated analytically using the expressions in Eqs. (2) and (3).
III. MONTE CARLO SIMULATION
In order to calculate the I -V curves in the device drawn in Fig. 1 , taking into account both the temperature and the offset charge effects, the dynamics of the electron transfer through junctions was simulated using the standard Monte Carlo method. For the sake of simplicity, the tunnelling resistances of all the three junctions of the device are assumed to be equal: R s = R d = R m ϵ R t . Then, the tunnelling rate for any junction in the structure can be uniquely defined as
where ⌬F is the change in the free energy F of the system after the tunnelling event has occurred. For the given V s and for detailed reference). Focusing the attention on the interdot and crosscoupling effects, all the simulation samples are taken symmetrical with C s = C d ϵ C 0 except the particular device for Fig. 6 specified as follows. Choosing C 0 and e as the basic units, the temperature, the voltage, and the current will then be measured in the units of e 2 / k B C 0 , e / C 0 , and e / R t C 0 , respectively. The method as well as all the details of calculating procedure have been thoroughly discussed in Ref. 9 .
In describes how the Coulomb-blockade conductance spectroscopy of the device varies as C m increases. It is well known that a system of two isolated, identical QDs has an oscillation structure of the conductance spectroscopy in the Coulomb-blockade regime as demonstrated by the upper curve in Fig. 5(b) for the case of C m =0 (Ref. 10). As the interdot coupling is included, the conductance peaks start to split at the top (the middle curve for C m = C 0 ), and the two subpeaks should gradually separate with increasing C m . When the interdot coupling is strong enough [the curve at the bottom of Fig. 5(b) for C m =10 C 0 ], the spectroscopy has the form like that for a single-dot device, but the peak-to-peak distance is two times shorter. The observed peak split is well documented as a manifestation of the Coulomb blockade in double-dot structures and directly relates to the separation of the two triple points discussed in Fig. 2 . The most important feature we want to see in Fig. 5(a) is the existence of a Coulomb gap. As in Ref. 9 , certainly, one can evaluate the width of the gap (Coulomb-blockade threshold) and examine its dependence on various parameters of the device simulated. Here, we are however interested in the other characteristics of the effect. At a given low bias V b (much lower than the Coulomb-blockade threshold for the case of zero-gate voltages V g1 and V g2 ), we can calculate the conductance for various values of V g1 and V g2 and then construct the conductance diagrams at a finite temperature. The result obtained specifically for the device with the same coupling capacitances as those reported in Ref. 1 at T = 3.72 K is presented in Fig. 6 . The temperature narrows the Coulomb gap (see also Fig. 2 in Ref. 9) , smearing its boundary. Such a smear corresponds to the dark regions in the figure, whereas the bright regions correspond to the low-conductance (blockade) regime. The honeycomb net is the corresponding (zerotemperature) stability diagram shown in Fig. 3(a) for the same set of parameters. Clearly, the Monte Carlo (finite temperature) result fits the stability diagram well, and moreover, the obtained conductance diagram in Fig. 6 is in good agreement with the experimental data shown in Fig. 2 of Ref. 1. Returning to the Fig. 5(a) , we highlight the staircase structure, accompanying the NDC, obtained in the I -V curves for devices of small C m . The NDC has been suggested in various nanosystems. [11] [12] [13] [14] [15] [16] [17] It was observed early in singlesemiconductor quantum-dot structures and has been regarded as a result of an existence of excited states. 11 Nakashima and Uozumi 12 have demonstrated the NDC in a linear array of metallic islands as a result of a competition between the forward rate of injecting charges into the array, which increases with the bias and the tunnelling rate across some junction, which may be reduced with increasing bias. Shin et al. 13 have calculated the I -V characteristics in a ring-shaped array of dots and have shown that the interactions between electrons in two branches of the ring can bring about stationary electron configurations, which produce NDC at low temperatures (and multiple Coulomb gaps at zero temperature). Heij et al. 14 have measured the device, where an electron box is attached to a single-electron transistor as a gate, and reported on the NDC for a range of conditions. Recently, for doubledot structures, the NDC has been analysed by Evans and Mizuta 15 and by Wang et al. 16 The structure studied in Ref. 15 is somewhat similar to that in Ref. 12 in the sense that electrons have to pass through both dots, whereas in the structure studied in Ref. 16 , the two dots are not equivalent; one dot is connected to both external leads, but the other is connected to only one. Several NDC mechanisms have been suggested for different structures. However, due to a mutual correlation of device parameters, the conditions for the NDC cannot be always formulated exactly. Even as the conditions can be written out for relatively simple models, 15 they are often too complicated for a practical purpose. Despite such a variety of phenomena, it is generally accepted that the NDC is gradually removed by increasing the temperature [11] [12] [13] [14] [15] [16] or introducing the offset charge. 13, 15 The interdot coupling also plays an important role; it stimulates the NDC in the structures studied in Refs. 14 and 16.
Our device of study is much more complicated than the double-dot structures studied in Refs. 13-16. Restricting to a qualitative description, we present in Fig less, consistent with Ref. 14). Figure 8 gives one more example about the offset-charge effect, which can remove even a second Coulomb gap, making the I -V curves almost monotonic. The last two factors of gate couplings show a more complicated effect; they may enhance or suppress the NDC, depending on the values of the other device parameters. Since the NDC has many potential applications, 14, 17 it may be necessary to learn the role of each device parameter. This can be done simply by using the present Monte Carlo simulation, which allows us to deal with both the finite temperature and the environment (random offset charge) effects. One can include into the simulation, even the other couplings, such as the dot self-capacitance considered by Berven and Wybourne, 18 which may affect both the stability diagram and the I -V curves, depending on its value in relation to the other capacitances associated with the dot.
IV. CONCLUSION
We have reported a systematic analysis of the stability diagrams, depending on each of the coupling capacitances for the metallic double-dot device measured in Ref. 1 . Besides the interdot coupling, the cross couplings are shown to affect essentially both the size and the shape of the diagram cells. We have also shown shortly the Monte Carlo simulation results, which on the one hand, profoundly demonstrate the Coulomb blockade in good agreement with the experimental data, and on the other hand, give the I -V characteristics, taking into account the finite temperature and randomoffset-charge effects. From a rich variety of I -V curve behaviours, depending on a mutual correlation between the device parameters, the NDC and even the multiple Coulomb gap can be actually realized. They are however easily removed by the temperature and/or the offset charge and are very sensitive to the device parameters.
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